In the last two decades, energy dissipation in unsteady-state pressurized pipe flow 
Introduction

35
Various authors in the past two decades have examined energy dissiptation in unsteady-state 36 pressurized pipe (waterhammer) flows. The convention in the waterhammer literature is to 37 split the instantaneous wall shear stress,  w , into a sum of two components as follows, For the case of highly unsteady pipe flow, the first work that investigated the role of 122 Re 0 , is by Holmboe and Rouleau (1967) . They considered the case of unsteady pipe flow In this section, numerical simulation is first applied to all the test cases to investigate and Brown (1995, 1996, and 2003) in Duan et al. (2012) . The parameters for fully rough pipe 174 flow are derived using the unsteady friction model of Vardy and Brown (2004) in the present 175 study (see Eqs. A22 and A23 in Appendix I).
176
According to Eqs. (3) and (4), the ratio K ru0 /K rs0 provides a measure for the relative 177 importance of unsteady friction to steady friction. In particular, it is clear from the analytical 178 solution that unsteady friction is not important when K ru0 /K rs0 <<1 and important otherwise.
179
The expression for this ratio is given as below, 
182
(ii) for rough pipe flow case: 
184
where T dv = D 2 / is viscous diffusion timescale.
185
It is clear from Eqs. (5) and (6) (5) and (6) Vardy and Brown (1995, 1996, 2003 and 2004) . The ramifications of the frozen turbulence 208 hypothesis are investigated below.
209
The damping from unsteady friction can be more elegantly represented by rewriting Brunone et al. (1991 Brunone et al. ( , 1995 and the WFB models by Vardy and Brown (1996, 2003) 227 and Zarzyki (2000). In other words, the frozen turbulence assumption based on the Re 0 228 condition adopted in these unsteady friction models is most valid in the early stage of the The result in Fig. 9 shows that while the scaled pressure envelopes converge into a 
256
258
To judge the appropriateness of the proposed re-scaling, the re-scaled amplitude (10) is plotted in Fig. 10 .
260
The data from all seven cases now neatly collapses into a single linear curve. This collapse The modified and original model are then applied and compared to the laboratory (case no. 3 in 
430
On the other hand, the unsteady part is related to the fluid acceleration by the 431 convolution integral relations (i.e., WFB models) such as the one in Zielke (1968) for laminar 432 flows and Vardy and Brown (1995 , 1996 , 2003 , and 2004 for turbulent flows. The general
433
form of this WFB model is:
For laminar flow regime, the weighting function can be expressed by exponential relations 436 and details refer to Zielke (1968) or Ghidaoui et al. (2005) . While for the turbulent case, an 437 approximated expression of the weighting function in a dimensionless form has been derived 438 by Vardy and Brown (1995 , 1996 , 2003 , and 2004 : 
481
The validity of the approximate form of Eq. (A17) is validated in the paper through the field 482 tests of this study as well as other data from the literature.
483
As in Eq. (A2), the decay parameter K r0 is divided into two parts to describe the 
